Dendritic spines of Purkinje cells form excitatory synapses with parallel fiber terminals, which are the primary sites for cerebellar synaptic plasticity. Nevertheless, how density and morphology of these spines are properly maintained in mature Purkinje cells is not well understood. Here we show an activity-dependent mechanism that represses excessive spine development in mature Purkinje cells. We found that CaMKIIβ promotes spine formation and elongation in Purkinje cells through its F-actin bundling activity. Importantly, activation of group I mGluR, but not AMPAR, triggers PKC-mediated phosphorylation of CaMKIIβ, which results in dissociation of the CaMKIIβ/ F-actin complex. Defective function of the PKC-mediated CaMKIIβ phosphorylation promotes excess F-actin bundling and leads to abnormally numerous and elongated spines in mature IP 3 R1-deficient Purkinje cells. Thus, our data suggest that phosphorylation of CaMKIIβ through the mGluR/IP 3 R1/PKC signaling pathway represses excessive spine formation and elongation in mature Purkinje cells.
Dendritic spines of Purkinje cells form excitatory synapses with parallel fiber terminals, which are the primary sites for cerebellar synaptic plasticity. Nevertheless, how density and morphology of these spines are properly maintained in mature Purkinje cells is not well understood. Here we show an activity-dependent mechanism that represses excessive spine development in mature Purkinje cells. We found that CaMKIIβ promotes spine formation and elongation in Purkinje cells through its F-actin bundling activity. Importantly, activation of group I mGluR, but not AMPAR, triggers PKC-mediated phosphorylation of CaMKIIβ, which results in dissociation of the CaMKIIβ/ F-actin complex. Defective function of the PKC-mediated CaMKIIβ phosphorylation promotes excess F-actin bundling and leads to abnormally numerous and elongated spines in mature IP 3 R1-deficient Purkinje cells. Thus, our data suggest that phosphorylation of CaMKIIβ through the mGluR/IP 3 R1/PKC signaling pathway represses excessive spine formation and elongation in mature Purkinje cells.
Purkinje cell | spine | phosphorylation | CaMKII | PKC I n the cerebellum, Purkinje cells are the sole output from the neural circuit of the cerebellar cortex, and integrate numerous synaptic inputs (1) . Spines along the distal dendrites of Purkinje cells form excitatory synapses with parallel fiber terminals, which are the primary sites of cerebellar synaptic plasticity (1, 2) . Spine density and morphology of Purkinje cells change significantly during development (3, 4) , and morphological abnormalities of spines are closely associated with many neurological disorders (5) (6) (7) . Recent studies also demonstrated that some forms of training for cerebellar motor learning results in altered spine density in Purkinje cells (8, 9) . Thus, maintenance of proper spine density and morphology of Purkinje cells is a critical aspect of cerebellar functions. However, the precise molecular mechanisms that maintain Purkinje cell spine density and morphology remain unclear.
The actin filaments are a major structural element of the regulation of dendritic spine formation and morphology of neurons (10, 11) . The actin dynamics in spines are regulated by many actinrelated molecules including Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) (12) , which is one of the most abundant proteins in the brain (13) . Among CaMKII isoforms (α, β, γ, and δ), CaMKIIβ possesses a specific F-actin binding domain (14) and plays an important role for regulating dendritic spine structure in hippocampal neurons. It is reported that suppression of CaMKIIβ expression leads to reduced spine formation, and conversely, overexpression of CaMKIIβ increases synapse number and motility of filopodia in hippocampal neurons (15, 16) . The effect of CaMKIIβ on maintaining mature spine structure requires its F-actin binding and bundling activity, but not its kinase activity (17) . In addition, a recent study reported that in hippocampal neurons, activation of CaMKIIβ by postsynaptic Ca 2+ influx through the NMDA receptor and resultant autophosphorylation within the F-actin binding domain induces detachment of CaMKIIβ from F-actin in spines, which influences functional and structural plasticity (18) . However, the precise regulatory mechanisms governing the association of CaMKIIβ with F-actin are not fully understood. In addition, although CaMKIIβ is predominantly expressed in the cerebellum (19, 20) , how CaMKIIβ contributes to regulating the spine morphology of cerebellar neurons remains largely unknown.
In this study, we examined whether/how CaMKIIβ regulates spine density and morphology in Purkinje cells. We found that overexpression of CaMKIIβ promotes spine formation and elongation in Purkinje cells by accelerating F-actin bundling. In addition, we found that CaMKIIβ at Ser315 (S315) is phosphorylated by Ca 2+ -dependent isoforms of protein kinase C (PKC) in Purkinje cells, and that the phosphorylation is triggered by group I metabotropic glutamate receptor (mGluR)-type 1 inositol 1,4,5-trisphosphate receptor (IP 3 R1) signaling, but not by postsynaptic Ca 2+ influx. The phosphorylation of CaMKIIβ at S315 interferes with its F-actin binding and bundling activity, resulting in suppression of CaMKIIβ-mediated excess spine formation and elongation of Purkinje cells. We also found that PKC-mediated CaMKIIβ phosphorylation is impaired in IP 3 R1-deficient Purkinje cells that exhibit an abnormally increased number of spines. These findings suggest that CaMKIIβ controls spine morphology in Purkinje cells under control of the mGluR1/IP 3 R1/PKC signaling pathway.
Results
CaMKIIβ Controls Spine Morphology and Formation in Purkinje Cells.
Given the implication that CaMKIIβ regulates the dendritic spine morphology of hippocampal neurons through its F-actin bundling and stabilizing activity (17) and that CaMKIIβ highly expresses in the cerebellum (19, 20) , we examined whether CaMKIIβ also contributes to the spine morphology of Purkinje cells. For this analysis, we
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biolistically coexpressed HA-CaMKIIβ and EGFP in Purkinje cells of cerebellar slices from mice at 14-17 d after birth and subsequently visualized the spine morphology after 2 d. We found that overexpression of the wild-type form of HA-tagged CaMKIIβ (HA-CaMKIIβ-WT) significantly increased the spine density and spine length in Purkinje cells ( Fig. 1 A and B) . In contrast, the width of the spine head was not apparently changed by CaMKIIβ. The kinase activity was not essential for the spine regulation, because kinase-dead mutant (CaMKIIβ-K43M) also increased the spine density and length of Purkinje cells, similarly to CaMKIIβ-WT ( Fig. 1 A and B) . These results suggest that CaMKIIβ controls spine density and morphology of Purkinje cells independently of kinase activity similarly to mechanisms within hippocampal neurons (15, 16) .
CaMKIIβ Is Phosphorylated at Ser315 in Purkinje Cells. It has been reported that autophosphorylation of serine (Ser) and threonine (Thr) residues within the actin-binding domain of CaMKIIβ mediates structural plasticity of spines through the F-actin regulation in hippocampal neurons (17, 18) . Therefore, we examined whether CaMKIIβ is phosphorylated in Purkinje cells in vivo. Because CaMKIIβ is expressed not only in Purkinje cells but also in other cerebellar neurons (21, 22) , we coimmunoprecipitated CaMKIIβ as an immunocomplex of CaMKIIα, an isoform selectively expressed in Purkinje cells, and examined the phosphorylation state of CaMKIIβ of Purkinje cells by mass-spectrometric phosphopeptide mapping. We found that S315, which resides near the critical F-actin binding region (317-340 aa) (Fig. 1C and Fig. S1 ) and is conserved across various species (Fig. 1D) , was phosphorylated in Purkinje cells in vivo. In our analysis with the cerebellar samples, we could not detect the previously reported phosphorylated residues that reside within the critical F-actin binding region (317-340 aa) of CaMKIIβ from hippocampal neurons (18, 23) (Fig. 1C) . Therefore, we focused on the S315 phosphorylation of CaMKIIβ in later studies.
Activation of Group I mGluR Leads to Phosphorylation of CaMKIIβ at S315 in Purkinje Cells. To monitor the phosphorylation state of CaMKIIβ at S315 of Purkinje cells, we first developed an antibody that specifically recognizes phosphorylated CaMKIIβ at S315 (pS315). The specificity of the pS315-CaMKIIβ antibody was confirmed by immunoblotting of the lysates of HeLa cells transiently expressing WT or the phosphorylation-site mutant (S315A) form of CaMKIIβ. As shown in Fig. 2A , the pS315-CaMKIIβ antibody recognized CaMKIIβ-WT, but not S315A mutant. In addition, treatment of the cells with okadaic acid (OA), an inhibitor of the Ser/Thr protein phosphatase, significantly enhanced the signal of CaMKIIβ-WT ( Fig. 2A) . Thr287 (T287) was phosphorylated in both CaMKIIβ-WT and -S315A mutant, and the phosphorylation is enhanced after OA treatment, suggesting that the S315 antibody does not recognize other phosphorylation sites of CaMKIIβ. The specificity of the antibody was also confirmed by immunocytochemical analysis (Fig. 2B) . These results suggested the the pS315-CaMKIIβ antibody specifically recognizes CaMKIIβ phosphorylated at S315.
We next assessed whether synaptic activity affects the phosphorylation level of S315-CaMKIIβ in cultured cerebellar neurons. We found that application of glutamate, the principal neurotransmitter at excitatory synapses, significantly increased the phosphorylation level of CaMKIIβ at S315 in cerebellar neurons (Fig. 2C) . Because CaMKIIβ is expressed in both cerebellar granule cells and Purkinje cells (21, 22) , we further performed immunocytochemical analysis to see whether the enhanced phosphorylation of S315-CaMKIIβ occurred in Purkinje cells. We found that glutamate application significantly increased the phosphorylation level of S315-CaMKIIβ in cultured Purkinje cells, especially at the spines (Fig. 2D) .
To examine the signal pathway for triggering phospho-S315 CaMKIIβ elevation in Purkinje cells upon glutamate stimulation, we applied a group I mGluR agonist, dihydroxyphenylglycine (DHPG), to the culture. We found that DHPG also increased the phosphorylation level of S315-CaMKIIβ in Purkinje cells (Fig. 2E) . In contrast, neither α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type ionotropic glutamate receptor (AMPAR) activation (AMPA application) nor depolarization (high K + stimulation) efficiently increased the phosphorylation level of S315-CaMKIIβ in Purkinje cells, although they did in other types of cerebellar neurons, most frequently granule cells (Fig. 2E) . Because the influx of Ca 2+ through voltage-dependent Ca 2+ channels activates CaMKII in Purkinje cells (24) , phosphorylation at S315 of CaMKIIβ was not due to autophosphorylation by CaMKII itself in Purkinje cells. We further confirmed that both of the +/+ Purkinje cells, DHPG stimulation increased the immunosignal of S315-CaMKIIβ especially at dendritic spines (Fig. 3A) . In contrast, DHPG application failed to increase the phosphorylation level of S315-CaMKIIβ in cultured Itpr1 −/− Purkinje cells (Fig. 3B) . The marked increase of the phosphorylation level of CaMKIIβ at S315 was also observed in Itpr1 flox/flox , but not in Purkinje cell-specific conditional knockout (L7-Cre;Itpr1 flox/flox ) Purkinje cells, of acute cerebellar slices, when we applied DHPG to the slices (Fig. 3C) .
It is widely believed that Ca 2+ release via IP 3 R1 is a critical event for activation of Ca 2+ -dependent isoforms of PKC (α, β, and γ), which is necessary for induction of cerebellar long-term depression (LTD) (25, 27) . Therefore, we further examined involvement of PKC in S315-CaMKIIβ phosphorylation. We found that preincubation with Go6976, a selective inhibitor for Ca 2+ -dependent PKC isoforms (28) , abolished the DHPG-induced elevation of pS315-CaMKIIβ level in Itpr1 +/+ Purkinje cells (Fig. 3A) . Furthermore, direct activation of PKC with phorbol 12-myristate 13-acetate (PMA) increased the phosphorylation level of S315-CaMKIIβ in cultured Itpr1 −/− Purkinje cells (Fig. 3B ) and also in both Itpr1 flox/flox and L7-Cre;Itpr1 flox/flox Purkinje cells of acute cerebellar slices (Fig. 3C ). We also found that although PKCγ, which is an especially abundant isoform of PKCs in Purkinje cells (29) , localized along plasma membrane in the Itpr1 flox/flox Purkinje cell dendrites, such a restricted distribution of PKCγ at the plasma membrane was diminished in most of L7-Cre;Itpr1 flox/flox Purkinje cell dendrites (Fig. S2  A-D) . In addition, the phosphorylation rate of myristoylated alaninerich C-kinase substrate (MARCKS), a substrate of PKC (30, 31) , was much lower in L7-Cre;Itpr1 flox/flox Purkinje cells than in Itpr1 flox/flox cells (Fig. S2E) , suggesting that PKCγ activation was impaired in IP 3 R1-deficient Purkinje cells. These results suggested that the mGluR stimulation increased S315 phosphorylation of CaMKIIβ via IP 3 R1/Ca 2+ -dependent PKC signal pathway in Purkinje cells.
PKCγ Directly Phosphorylates CaMKIIβ at S315. To examine whether PKCγ directly phosphorylates CaMKIIβ at S315, we performed an in vitro kinase assay of PKCγ using CaMKIIβ as a substrate. As shown in Fig. 4A , PKCγ directly phosphorylated GST-CaMKIIβ (272-407 aa) in vitro. In addition, when we coexpressed PKCγ and CaMKIIβ in HeLa cells and treated the cells with PMA, immunosignals of pS315-CaMKIIβ were clearly detected. However, those signals were abolished in cells expressing the nonphosphorylatable S315A mutant form of CaMKIIβ with PKCγ ( Fig. 4 B and C) . These results suggested that PKCγ directly phosphorylates CaMKIIβ at S315 in living cells.
CaMKIIβ Phosphorylation at S315 Decreases Its F-Actin Binding and
Bundling Activity. Because S315 localizes near the β e splicing site, which is a critical regulatory region for F-actin binding of CaMKIIβ (18, 23) (Fig. 1D) , we next examined the effect of the S315 phosphorylation of CaMKIIβ on its F-actin bundling activity. For this analysis, we prepared purified CaMKIIβ protein having phosphomimetic S315D mutation and assessed its F-actin bundling activity by in vitro F-actin cosedimentation assay. As shown in Fig.  5A , F-actin was well coprecipitated with CaMKIIβ-WT in a dosedependent manner. In contrast, CaMKIIβ-S315D showed marked decrease of the bundled F-actin compared with CaMKIIβ-WT.
We also performed biochemical assessment of the CaMKIIβ/ F-actin interaction in HeLa cells by detergent-extraction protocol (32, 33) . As shown in Fig. 5B , detergent-insoluble actin-enrich pellet contains much less HA-CaMKIIβ-S315D than it does HA-CaMKIIβ-WT. Conversely, a greater amount of CaMKIIβ-S315D was detected in the soluble fraction than CaMKIIβ-WT.
Moreover, CaMKIIβ-S315D but not CaMKIIβ-S315A mutant showed decreased colocalization signals with F-actin compared with CaMKIIβ-WT in HeLa cells (Fig. 5C) . Similar results were obtained in a kinase dead form of CaMKIIβ-S315D mutant (Fig. S3) , neglecting a possible involvement of other autophosphorylated residues in the event. Furthermore, when we overexpressed CaMKIIβ-WT or S315A with PKCγ in HeLa cells, CaMKIIβ-WT, but not S315A, immunosignal was detached from F-actin signals after PMA application (Fig. 5D ). These data suggested that PKCγ specifically phosphorylated S315 of CaMKIIβ and regulated the CaMKIIβ/F-actin association.
Purkinje Cell Spines Are Regulated by Phosphorylation State of CaMKIIβ at S315. Next, we examined whether the S315 phosphorylation state of CaMKIIβ affects the spine morphology of Purkinje cells. To minimize the effect of endogenous CaMKIIβ, we used a short hairpin RNA (shRNA), which specifically and efficiently downregulates CaMKIIβ (Fig. S4) , and replaced the endogenous protein with exogenous HA-tagged CaMKIIβ. As shown in Fig. 6 A-D, shRNA against CaMKIIβ did not affect the spine density and morphology of Purkinje cells, which is consistent with previous studies (20, 34). We found that replacement of endogenous CaMKIIβ with CaMKIIβ-S315A, but not with CaMKIIβ-S315D, significantly increased the spine density and length in Purkinje cells (Fig. 6 A-C) , as similar to overexpression of CaMKIIβ-WT ( Fig. 1 A and B) . The kinase activity of CaMKIIβ was not involved in the pS315-CaMKIIβ-dependent regulation of spine morphology, because the double mutant CaMKIIβ-K43M/S315A but not K43M/S315D also increased spine density and length of Purkinje cells (Fig. 6 A-C) . The spine head width was not affected by any of the transfected Purkinje cells (Fig. 6D) . These spine morphological changes were apparent in the distal dendritic region, but not in the proximal region of Purkinje cells (Fig. S5) . These data suggested that the phosphorylation state of CaMKIIβ at S315 is critical for controlling spine density and morphology in Purkinje cells, especially along the distal dendritic region.
Inhibition of CaMKIIβ/F-Actin Interaction Ameliorates Spine Abnormality in IP 3 R1-Deficient Purkinje Cells. Because the spine abnormalities of Purkinje cells expressing CaMKIIβ-S315A resembled those of IP 3 R1-deficient Purkinje cells, which exhibit increased spine density and length but not head width specifically at the distal dendritic region (26) , and because activity-dependent increase of CaMKIIβ-S315 phosphorylation was diminished in IP 3 R1-deficient Purkinje cells (Fig. 3) , we hypothesized that excess Factin bundling by CaMKIIβ due to defect of S315 phosphorylation causes spine abnormalities of Purkinje cells in L7-Cre;Itpr1 flox/flox mice. To test this hypothesis, we tried to correct the spine abnormalities in L7-Cre;Itpr1 flox/flox Purkinje cells by inhibiting the CaMKIIβ/F-actin interaction. KN-93, a potent inhibitor for CaMKII, has been shown to inhibit not only kinase activity but also F-actin interaction with CaMKIIβ (35, 36) . Indeed, we confirmed that treatment with KN-93, but not an inactive analog KN-92, induced dissociation of HACaMKIIβ-S315A from F-actin in HeLa cells (Fig. S6) .
To inhibit the CaMKIIβ/F-actin interaction in L7-Cre;Itpr1 Fig. 7 A and B) . KN-93 did not significantly affect spine morphology in control Itpr1 flox/ flox ;Pcp2-GFP Purkinje cells, suggesting that the phosphorylation of S315-CaMKIIβ interferes with its F-actin bundling and suppresses the excess spine formation and elongation in Purkinje cells. These results strongly suggested that the excess bundling of F-actin by CaMKIIβ due to the lack of S315 phosphorylation underlies abnormally numerous and elongated spines in IP 3 R1-deficient Purkinje cells in vivo. In KN-93-treated L7-Cre;Itpr1 flox/flox ;Pcp2-GFP Purkinje cells, we observed a slightly decreased width of spine heads (Fig. 7B ), but the reason was unclear and might be due to its offtarget effects (37, 38) .
Discussion
In this study, we identified a previously unknown mechanism in which PKC-mediated phosphorylation of CaMKIIβ maintains the appropriate spine density and morphology of Purkinje cells along distal dendrites. We found that CaMKIIβ increases spine density and length in Purkinje cells through its F-actin bundling activity. The spine increase and elongation depends on the CaMKIIβ phosphorylation state at S315, because the phosphorylation interferes with F-actin cross-linking activity of CaMKIIβ. Ca 2+ -dependent isoforms of PKC phosphorylates CaMKIIβ at S315 under control of mGluR1 signaling. In addition, we showed that the phosphorylation of CaMKIIβ by PKC is impaired in IP 3 R1-deficient Purkinje cells that exhibit aberrant increase in spine density and length, and that the spine abnormalities are attenuated by pharmacological inhibition of CaMKIIβ/F-actin interaction. Based on these findings, we propose a model that CaMKIIβ regulates mature Purkinje cell spine morphologies by F-actin bundling, which is controlled by the S315 phosphorylation status of CaMKIIβ via mGluR1/IP 3 R1/PKC signaling. Our findings provide a framework for maintaining proper spine density and morphology in Purkinje cells for cerebellar functions. Purkinje cell dendrites are characterized by two compartments, the proximal and the distal dendritic regions, and spinogenesis at each dendritic compartment is controlled by different mechanisms during development. The proximal dendritic regions are innervated by climbing fibers, and spinogenesis on these proximal branches is inhibited by synaptic inputs from climbing fibers (39) . On the other hand, distal dendritic regions have numerous spines, which are innervated by parallel fibers through the glutamate receptor delta2 (GluRδ2)-Cbln1-neurexin mechanism (40) (41) (42) . Several molecules have also been identified as regulators for the spinogenesis in Purkinje cells during development. For instance, retinoic-acid orphan receptor alpha (RORα) and β-III spectrin, which is implicated as a transcriptional target of RORα, are critical for Purkinje cell spine development (43) (44) (45) (46) . In contrast to medical science's accumulating knowledge of spine regulation during development, little is known about how spines on the distal branches are maintained in mature Purkinje cells in vivo. In this study, we have shown that spines of Purkinje cells are maintained by CaMKIIβ/F-actin bundling, and that synaptic activity can regulate the mechanism by PKC-mediated CaMKIIβ phosphorylation. In addition, we have shown that expression of CaMKIIβ-S315A, but not CaMKIIβ-S315D, increased spine density and length of Purkinje cells, and that the defect of S315 phosphorylation of CaMKIIβ underlies the abnormal spines at the distal dendritic region of mature Purkinje cells in IP 3 R1-deficient mice (26) . Thus, phosphorylation of S315-CaMKIIβ by PKC via mGluR-IP 3 R1 signaling is a critical regulator of the CaMKIIβ/F-actin interaction, and the mechanism contributes to the suppression of excess spine formation and elongation, particularly in distal branches of mature Purkinje cells. Because PKC is basically activated in Purkinje cells (47) , it is possible that mGluR is tonically activated under basal condition and constantly induces S315 phosphorylation of CaMKIIβ through the mGluR/IP 3 R1/PKC signaling pathway, which would maintain a balance between the CaMKIIβ/F-actin-mediated spinogenesis and its repression. Although further study is necessary, such a delicate balance of the phosphorylation-dependent regulation might, at least in part, explain why Purkinje cells lacking CaMKIIβ exhibit no apparent spine abnormalities (20, 34) . Whereas a close link between spine structural rearrangement caused by synaptic plasticity and learning/memory has been thoroughly studied, particularly in cortical and hippocampal neurons (48, 49) , a previous study has suggested that spine morphology on distal branches of Purkinje cells is not affected by induction of parallel fiber-Purkinje cell LTD (50) . However, recent studies have also demonstrated that cerebellar motor learning decreases spine density in Purkinje cells (8, 9) . Although a molecular mechanism of spine plasticity in Purkinje cells associated with long-term motor learning is unknown, our findings, at least in part, could provide a potential molecular mechanism that links synaptic inputs to spine structural plasticity in Purkinje cells. Because both the activitydependent CaMKIIβ phosphorylation revealed by the present study and LTD in parallel fiber-Purkinje cell synapse share the mGluR1/IP 3 R1/PKC signaling pathway (51), the phosphorylated form of CaMKIIβ at S315 might also contribute to parallel fiberPurkinje cell synaptic transmission in a different manner. Because actin polymerization is important for GluR2 subunit endocytosis and both basal PKC and MEK/ERK1/2 activities contribute to AMPARs internalization (47), CaMKIIβ-mediated F-actin bundling and its regulation by PKC-mediated phosphorylation may also contribute to AMPARs internalization during LTD by controlling endocytosis.
In summary, we demonstrated a previously unknown regulatory mechanism of distal dendritic spinogenesis in mature Purkinje cells, which is dependent on both CaMKIIβ/F-actin interaction and mGluR/IP 3 R1/PKC signaling. A recent study has reported that in hippocampal neurons, autophosphorylation within the F-actin binding region of CaMKIIβ following through NMDA receptormediated Ca 2+ influx regulates its function as a regulator of F-actin dynamics during synaptic plasticity (18) . On the contrary, our study demonstrated that in Purkinje cells, PKC-mediated phosphorylation of CaMKIIβ regulates its F-actin bundling under mGluR/ IP 3 R1 signaling, which represses unnecessary spine development. In the absence of the mechanism, Purkinje cells would have wrong wiring, which causes extremely severe ataxia like IP 3 R1-deficient mice (26) . Therefore, the mechanism would be an important mechanism for maintaining proper cerebellar circuits to express cerebellar functions in vivo.
Materials and Methods
Animals. Itpr1 ;Pcp2-GFP mice were used as previously reported (26, 52) . ICR mice were purchased from Japan SLC, Inc. Mice were bred in a pathogen-free environment with a 12-h light-dark cycle. Japanese white rabbits were purchased from Oriental Yeast Co., Ltd. All animal experiments were performed in accordance with the guidelines approved by the Animal Experiments Committee of RIKEN Brain Science Institute. Both female and male mice were included in the analysis.
Antibodies. For production of a phospho-specific antibody for CaMKIIβ phosphorylated at S315 (pS315-CaMKIIβ), BSA-conjugated synthetic phospho-peptide (C-LATRNFpSVGRQTTA, corresponding to residues 309-322) was injected into female Japanese white rabbits. The phospho-specific antibody was purified by affinity chromatography on the phospho-peptide coupled-Sepharose, and nonphospho-specific antibodies were subsequently absorbed with nonphosphopeptide unpS315-CaMKIIβ (C-LATRNFSVGRQTTA) and phospho-peptide pS314-CaMKIIα (C-LATRNFpSGGKSGGN, corresponding to residues 308-321)-coupled Sepharose. Rabbit polyclonal anti-calbindin (CB38, Swant), guinea pig polyclonal anti-calbindin (GP-Af280, Frontier Institute), mouse monoclonal anti-GFP (clone 1E4, M048-3, MBL), rabbit polyclonal anti-GFP (632592, Clontech), mouse monoclonal anti-CaMKIIβ (clone CB-β1, 13-9800, Zymed), rabbit polyclonal antiphospho T286-CaMKII (ab5683, Abcam), mouse monoclonal anti-β-actin (clone AC-15, A5441, Sigma), guinea pig polyclonal anti-PKCγ (GP-Af350, Frontier Institute), rat monoclonal anti-HA (clone 3F10, 11867423001, Roche), mouse monoclonal anti-c-myc (clone 9E10, sc-40, Santa cruz), rabbit polyclonal antiphospho (Ser152/156) MARCKS (07-1238, Millipore), mouse monoclonal anti-MARCKS (clone 2C2, WH0004082M6, Sigma), and mouse monoclonal anti-GST (clone B-14, sc-138, Santa cruz) antibodies were purchased.
Plasmids. The cDNA encoding mouse CaMKIIβ was obtained from the RIKEN FANTOM cDNA library (clone ID B930031B11) (53) and amplified by PCR using the primers 5′-ATAAGCTTATGGCCACCACGGTGACC-3′ and 5′-TAGAATTCTC-ACTGCAGTGGGGCCAC-3′ (the underlined regions indicate HindIII and EcoRI sites, respectively). The PCR product was cloned into the mammalian expression vector pcDNA3.1 (Invitrogen) or insect cell expression vector pFastBac1 (Life Technologies). K43M, S315A, and S315D mutants of CaMKIIβ were generated by site-directed mutagenesis with KOD Plus DNA polymerase (TOYOBO). GSTCaMKIIβ (272-407 aa) was constructed by using PCR with primers 5′-TAA-GAATTCGTCTGCCAACGATCCACGG-3′ and 5′-GGCGAATTCTCAGGCATCTTCGT-CCTCTATG-3′ (the underlined regions indicate the EcoRI restriction site) and cloned into pGEX-4T-1 (Pharmacia). The cDNA encoding mouse PKCγ was amplified by RT-PCR from adult mouse cerebellum cDNA using the primers 5′-TAAGGTACCATGGCGGGTCTGGGCCCTGGCGGAGGCGAC-3′ and 5′-GATGGT-ACCTTACATGACAGGCACGGGCACAGGGCTTG-3′ (the underlined regions indicate the KpnI restriction site) and cloned into pcDNA3.1 or pFastBac1.
For CaMKIIβ knockdown, we used 5′-GAGTATGCAGCCAAGATCA-3′ as an shRNA target sequence of mouse CaMKIIβ and 5′-GGCTTACAGATCGGAAACA-3′ as a control scramble shRNA. The shRNA sequences were subcloned into a plasmid-based expression vector, pSUPER (OligoEngine). The mEGFP (monomeric EGFP with A206K mutation) gene was also cloned into the pSUPER vector downstream of the PGK promoter. The shRNA-resistant form of CaMKIIβ (indicated as β Res ) was generated by introducing silent mutations at the shRNA target region with site-directed mutagenesis. pEGFP-C1 was purchased (Clontech). All constructed plasmids were verified by DNA sequencing.
Cell Culture, Transfection, and Immunocytochemistry. HeLa cells were cultured in Dulbecco's modified essential medium (DMEM) containing 10% (vol/vol) FBS, 50 units/mL penicillin, and 50 μg/mL streptomycin. HA-CaMKIIβ and PKCγ-flag or -Myc were transfected in HeLa cells using FuGENE HD transfection reagent (Promega). At 1 d after transfection, cells were incubated in balancedsalt solution (BSS) (20 mM Hepes, pH 7.4, 115 mM NaCl, 5.4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM glucose) for 2 h. Cells were then treated with 100 nM PMA (Enzo Life Sciences) for 30 min or with 1 μM okadaic acid (Calbiochem) for 30 min. The treated cells were fixed with 4.0% paraformaldehyde (PFA) in PBS for 10 min at room temperature. After being washed with PBS, cells were permeabilized with 0.2% Triton-X 100 in PBS for 5 min. The coverslips were blocked with 1.0% BSA or skimmed milk and 1.0% normal goat serum (NGS) in PBS for 60 min at room temperature, and then, incubated with the primary antibodies overnight at 4°C. After being washed with PBS, the coverslips were incubated with Alexa Fluor 488-, 594-conjugated (Invitrogen) and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch) and Alexa Fluor 594-conjugated phalloidin (Invitrogen) for 1 h at room temperature. After being washed with PBS, the coverslips were mounted with Vectashield (Vector Laboratories). The primary antibodies were antipS315-CaMKIIβ (2 μg/mL), anti-HA (1:500), and anti-PKCγ (1:250).
Cerebellar Primary Culture. Cerebellar primary cultures were prepared basically as described previously (54) . Briefly, cerebella were dissected from postnatal day 1 ICR, C57/BL6 Itpr1
−/− mice. Cerebellar cells were suspended in serum-free medium at a density of 4 × 10 6 cells per milliliter. Eighty microliters of the suspension was spotted onto plastic coverslips (13.5 mm in diameter; Sumilon, Sumitomo Bakelite), coated with 100 μg/mL poly-L-lysine, and placed in a humidified CO 2 incubator (5.0% CO 2 at 37°C). After 3 h, medium was added to each well. The medium was composed of Eagle's MEM supplemented with 1.0 mg/mL BSA (Sigma), 1.0 mg/mL insulin-transferrin-serenium (Invitrogen), 0.1 nM L-tyroxine (T4) (Sigma), 1.0 μg/mL aprotinin (Sigma), 0.25% glucose, 2.0 mM glutamine, 2.0 mg/mL Na 2 CO 3 , 100 units/mL penicillin, and 135 μg/mL streptomycin. Cultures were used at 21-27 d in vitro (DIV). To monitor the level of pS315-CaMKIIβ, cells were incubated in Hepes-buffered saline (HBS) (20 mM Hepes, pH 7.4, 135 mM NaCl, 4 mM KCl, 1 mM Na 2 HPO 4 , 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose) in the presence or absence of Go6976 (Calbiochem) for 2 h. Cells were then treated with glutamate, DHPG (Tocris), AMPA (Tocris), PMA, or HBS containing 55 mM KCl and 84 mM NaCl (high K + ). The treated cells were fixed with 4% PFA and immunostained. The primary antibodies were anti-pS315-CaMKIIβ (5 μg/mL), anti-CaMKIIβ (1:500), and guinea pig anti-calbindin (1:250).
Acute Cerebellar Slice. Two-to three-mo-old IP 3 R1 flox/flox or L7-Cre;IP 3 R1 flox/flox mice were used. Under pentobarbital anesthesia, mice were transcardially perfused with ice-cold cutting solution containing 120 mM choline Cl, 3 mM KCl, 8 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 10 mM glucose, and 26 mM NaHCO 3 , and the cerebella was excised. Sagittal cerebellar slices (250-μm thickness) were prepared from the vermis using a Vibratome-type tissue slicer (Leica VT1000S, Leica Microsystems). The slices were kept at 32°C for 1.5-2 h in artificial CSF (ACSF) containing 124 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 2 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 20 mM glucose, and 26 mM NaHCO 3 , equilibrated with 95% O 2 and 5% CO 2 , and were then treated with 100 μM DHPG or 0.4 μM PMA at 32°C. The treated slices were fixed with 4% PFA for 3 h and immersed in 30% sucrose in PBS overnight at 4°C. The slices were resectioned on the sagittal plane at 12-μm thickness with a cryostat (HM550, MICROM), and the sections were subjected to immunohistochemistry.
Cerebellar Slice Culture and Biolistic Transfection. Cerebellar slice culture and biolistic transfection using a Helios gene gun were performed as described previously (55) . ICR mice, 14 to 17 d old, were used. Two or 4 d after transfection, slices were fixed with 4% PFA, permeabilized, and immunostained with polyclonal anti-GFP (1:500) and anti-HA (1:500).
Immunohistochemistry. For immunohistochemistry of cerebellar sections, mice were deeply anesthetized with pentobarbital and transcardially perfused with saline and 0.1 M phosphate buffer (PB) containing 4% PFA. The brains were dissected out, and then postfixed in PFA at 4°C for 3 h, and immersed in 30% sucrose in PB overnight at 4°C. The brains were sectioned sagittally at 12-μm thickness with a cryostat or at 30-μm thickness with a Vibratome-type tissue slicer. Cerebellar sections were processed as described previously (26) . The primary antibodies used were pS315-CaMKIIβ (5 μg/mL), anti-CaMKIIβ (1:500), guinea pig polyclonal anti-calbindin (1:250), rabbit polyclonal anti-calbindin (1:2,000), anti-phospho-MARCKS (1:400), anti-MARCKS (1:400), monoclonal anti-GFP (1:500), polyclonal anti-GFP (1:500), and anti-PKCγ (1:250).
Fluorescent Image Analysis. Fluorescent image acquisition by confocal laser microscope and spine analysis were performed as described previously (26) . Colocalization analysis and fluorescence intensity analysis were performed using ImageJ software.
Immunoblotting. Transfected HeLa cells were lysed with TNE buffer containing 10 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate and protease inhibitor mixture, and cleared by centrifugation at 20,000 × g for 15 min. The supernatants were subjected to SDS/PAGE. For cell fractionation, transfected HeLa cells were incubated in BSS for 2 h and homogenated in buffer containing 5 mM Hepes, pH 7.4, 0.32 M sucrose, 2 mM EDTA, 1 mM EGTA, 50 mM KCl, 1 mM 2-ME, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, and protease inhibitor mixture (Roche). The homogenate was centrifuged at 2,000 × g for 10 min. Triton X-100 was added to the supernatant at a final 0.1% concentration, which was incubated at 4°C for 30 min and was then centrifuged at 10,000 × g for 30 min. The detergent-soluble (supernatant) and -insoluble (pellet) fractions were obtained and subjected to SDS/PAGE. The separated proteins by SDS/PAGE were transferred onto polyvinylidene difluoride membrane (Milllipore). The membrane was blocked with 5% skimmed milk or BSA and 1% NGS in PBST (PBS containing 0.05% Tween 20) and then, incubated with the primary antibodies for 1 h at room temperature or overnight at 4°C. After being washed with PBST, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000; GE Healthcare) for 1 h at room temperature. The blot was developed using chemiluminescence reagents (Immobilon Western Chemiluminescent HRP Substrate, Millipore), and detected using an image analyzer (LAS-4000 mini, Fujifilm). For quantitative analysis, band intensities were quantified using ImageJ software. The primary antibodies were pS315-CaMKIIβ (1 μg/mL), anti-phospho T286-CaMKII (1:1,000), anti-GST (1:200), anti-HA (1:1,000), anti-Myc (1:200), anti-β-actin (1:5,000), and anti-CaMKIIβ (1:1,000).
Statistical Analysis. All data are shown as means ± SEM, and statistical significance was determined as indicated in the figure legends. More details of the materials and methods are in SI Materials and Methods.
